Glioblastomas (GBM) are one of the most recalcitrant brain tumors because of their aggressive invasive growth and resistance to therapy. They are highly heterogeneous malignancies at both the molecular and histological levels. Specific histological hallmarks including pseudopalisading necrosis and microvascular proliferation distinguish GBM from lower-grade gliomas, and make GBM one of the most hypoxic as well as angiogenic tumors. These microanatomical compartments present specific niches within the tumor microenvironment that regulate metabolic needs, immune surveillance, survival, invasion as well as cancer stem cell maintenance. Here we review features and functions of the distinct GBM niches, detail the different cell constituents and the functional status of the vasculature, and discuss prospects of therapeutically targeting GBM niche constituents.
resistant to radiation and cytotoxic chemotherapy. Recurrence is therefore inevitable despite an advanced multimodal standard therapy, resulting in a dismal median survival of just beyond one year [1] . Our current understanding of the complex biology of gliomas is largely derived from studies of genetic and molecular changes within cancer cells. Specifically, recent characterization of the genome, epigenome and transcriptome of GBM has provided a higher-resolution picture of their alterations, revealing different subtypes with distinct molecular signatures [2] [3] [4] [5] [6] [7] . In addition, single cell RNA sequencing revealed that multiple subtypes can exist within a single tumor, underscoring the substantial inter-and intra-tumor heterogeneity of GBM [8] .
Microenvironmental heterogeneity of GBM
A further layer of complexity in GBM arose from the discovery of cancer stem cells (CSCs) in GBM. CSCs play a crucial role in tumor initiation and maintenance, and provide evidence for stem cell-driven hierarchies within the tumor that also affect tumor heterogeneity [9, 10] (Box1). Moreover, the tumor microenvironment in which these tumor cells develop and grow display heterogeneous phenotypes of which some are characteristic hallmarks in GBM. In fact, not only is the glioma microenvironment composed of a wide variety of nonneoplastic stromal cells, including the vasculature, the various infiltrating and resident immune cells and other glial cell types, but it is also compartmentalized in anatomically distinct regions, referred to as tumor niches that besides tumor cells also entail cancer stem cells. These microenvironmental niches do not just harbor stem cells but rather they exhibit communication centers in which tumor and host cell populations dynamically interact via direct cell contact or paracrine signaling cues to ensure maintenance, growth and protection of tumor cells and CSC from immune surveillance and therapeutic threats. Although tumor niches have been portrayed as conceptually similar in a variety of tumor types, their regulation is probably tissue specific. Moreover, it is important to note that a single tumor can also display morphologically and functionally distinct tumor niches. This phenomenon is most prominent in GBM in which at least three specialized tumor niches exist with the vasculature as an integral regulatory part ( Fig.1 ). In the perivascular tumor niche tumor stem cells nestle in close juxtaposition with the abnormal angiogenic vasculature ( Fig.1A) while in the vascular-invasive tumor niche tumor cells co-opt normal blood vessels enabling migration deep into the brain parenchyma (Fig.1C) . In contrast, the vasculature in the hypoxic tumor niche is either non-functional or regressed leading to necrotic areas that are surrounded by a row of hypoxic palisading tumor cells ( Fig.1B) . All three niches elicit specific features and functions that go beyond CSC maintenance as evidenced by the differing composition of host-cell constituents and functional status of the vasculature. Here, we will discuss the nature and tasks of the three aforementioned niches in facilitating tumor growth, angiogenesis and tumor invasion with a focus on the main residents, the vasculature, the immune cells and the tumor cells/CSC. Finally, we will highlight advantages as well as challenges of strategies that employ tumor niche constituents as therapeutic targets in order to improve and prolong survival of GBM patients.
The perivascular GBM niche
One feature of GBM is the vigorous and abnormal angiogenesis leading to disorganized and leaky blood vessels that is predominantly induced by the substantial elevation of vascular endothelial growth factor (VEGF) activity. VEGF and other angiogenic factors like fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) are largely produced by tumor cells. Specifically CD133-positive CSCs, which are closely aligned to the tumor vasculature [11] , produce high levels of VEGF [12] . VEGF causes pericyte detachment and vascular basement membrane degradation resulting in abnormal, greatly enlarged vessels (coined "mother vessels") that are susceptible to leakiness and microhemorrhages, a condition known as chronic vascular hyperplasia (CVH) [13] . These blood vessels can evolve into a vascular phenotype of glomeruloid microvascular proliferation (GMP), a common hallmark in GBM, in which endothelial cells and pericytes form poorly organized and dysfunctional vascular structures reminiscent of kidney glomeruli [13] . The expansion of the GBM vasculature can occur by different mechanisms. In addition to angiogenesis, which involves proliferation of existing endothelial cells, bone marrowderived endothelial and pericyte progenitors have been reported to be recruited and incorporated into growing vessels in several mouse models of glioma, but it appears that this vasculogenic mechanism plays a minor role [14, 15] . More recently, lineage tracing experiments in mouse GBM models and genetic mutational analysis of endothelial cells in human GBM tumors have revealed that CSCs, which are closely associated with tumor vessels, can apparently directly participate in GBM vessel formation by transdifferentiating into endothelial cells or pericytes, the mural support cells of the microvasculature [16] [17] [18] [19] . These findings, however, are a matter of debate due to the differing and even opposing results among research groups which question both the extent to which CSC produce functional perivascular cells, and if endothelial cells or pericytes convey the dominant progeny [20] [21] [22] .
The aforementioned vascular abnormalities in GBM have severe consequences as they can cause the disruption of the blood-brain barrier (BBB, Box 2). The BBB is comprised of endothelial cells, pericytes and astrocytes forming a neurovascular unit that tightly regulates the transfer of ions and molecules between the blood and the brain and ensures that the brain is an immune-privileged organ [23] . In GBM, tumor cells displace non-neoplastic astrocytes, which together with the vascular abnormalities lead to a failure in barrier properties, inducing vessel permeability that allows plasma and fluid to leak into the tumor tissue and induce cerebral edema and interstitial pressure [24] . As a result of the BBB breakdown and the production of tumor-derived chemokines and cytokines, circulating immune cells enter the brain. Monocytes [25] , neutrophils [26] and myeloid-derived suppressor cells (MDSC) [27] are all commonly found in the perivascular tumor niche. These cells serve as another source of angiogenic factors, convey immune-suppressive functions and interact with tumor cells and CSC, thereby promoting tumor propagation and progression [25, 26] .
Tumor-associated macrophages (TAMs) are the dominant infiltrating immune cell population in GBM. Historically, TAMs have been defined as either anti-tumoral M1/Th1skewed, exhibiting features similar to lipopolysaccharide (LPS) and interferon-γ (IFN-γ) 'classically' activated macrophages, while pro-tumorally skewed M2/Th2-macrophages have properties similar to interleukin (IL)-4 and IL-13 'alternatively' activated macrophages [28, 29] , It has become increasingly evident, however, that the M1/M2 polarization model appears too simplistic to appropriately describe the heterogeneous macrophage phenotypes in tumors including GBM, and therefore it may be more appropriate to define myeloid cells by their phenotype, function, and context [30] . Bone marrow-derived macrophages are closely related to microglial cells, the resident brain macrophages, which are the immune gatekeepers of the brain. TAMs and microglial cells together constitute ~30-40% of cells in GBM [31, 32] . Recent fate-mapping and lineage-tracing studies have revealed that microglial cells are derived from immature yolk sac progenitors during development, and maintain themselves in the brain by virtue of their longevity and limited self-renewal [33] [34] [35] . Bone marrow-derived granulocytes and monocytes only enter the brain during central nervous system (CNS) injury and tumorigenesis (in details discussed in [36] ) ( Figure  2) . In mice, CD11b+ monocytes in the blood circulation can be subdivided into LY6C High ; CX3CR1 Low ; CCR2 + inflammatory monocytes and LY6C Low ; CX3CR1 High ; CCR2 − circulating monocytes (Figure 2) [37, 38] . Upon glioma infiltration, monocytes differentiate into macrophages, which until now have been histologically indistinguishable from activated microglia cells by molecular analysis due to similar expression profiles and levels of common cell surface markers like MHCII, CD45, CD11b, CD68, F4/80 Iba1, CXC3R1 and CSF1R. Recently, CCR2 has been reported to be a potential marker to distinguish infiltrating myeloid cells from microglial cells, which lack CCR2 expression even after activation (as seen in a mouse model of experimental autoimmune encephalomyelitis (EAE)) [39] [40] [41] . Future studies may now be able to reveal the extent to which tumor-associated macrophages and microglial cells differ in their effects and functions in GBM compared to EAE [39, 40] . In support of this notion is a recent observation that the fractalkine/CX3CR1 receptor, which is expressed in both microglial and infiltrating monocytes/macrophages, has differing functions in these two populations in response to glioma growth [25] . While genetic deletion of CX3CR1 did not affect accumulation or migration of microglia cells, it indirectly promoted the trafficking of circulating Ly6C High , CX3CR1-positive inflammatory monocytes into gliomas, resulting in their increased accumulation in the perivascular niche concomitant with interleukin 1 beta (IL1β) upregulation. IL1β activated the p38 mitogenactivated protein kinase (MAPK) signaling pathway and expression of CCL2/monocyte chemoattractant protein (MCP-1) by tumor cells, thereby further enhancing the retention of CCR2-positive monocytes. Interestingly, IL1β also promoted tumor growth of a proneural GBM model, in part by increasing their CSC population [25] .
Congruent with these observations, TAMs are commonly, but not solely, found in the perivascular tumor niche in the vicinity of CSCs [25] . Because TAM numbers appear to correlate with CSC density in human tumors, it has been suggested that CSCs may recruit TAMs more efficiently than their more differentiated neoplastic counterparts, perhaps due to higher expression of chemoattractants such as VEGF, colony stimulating factor 1 (CSF1), stromal cell-derived factor 1a (SDF1a), interleukin 6 (IL6) and IL1β [25, 42] . These factors polarize macrophages and immature monocytes to an immunesuppressive and angiogenic phenotype that enables tumor cells to escape from immune surveillance and promotes their maintenance and growth. Hambardzumyan TAMs also release transforming growth factor beta (TGF-ß) that induces matrix metalloproteinase 9 (MMP9) expression and thereby can increase CSC invasiveness [43] . Furthermore, CSCs release the extracellular matrix protein periostin that accumulates in the perivascular tumor niche and acts as another chemoattractant for TAMs via integrin receptor α v β 3 signaling, facilitating the migration of macrophages to the niche [44] . Congruent with the observation that the number of TAMs relates to tumor grade, periostin is highly upregulated in GBM, and its levels directly correlate with tumor grade and recurrence [45] .
The hypoxic GBM niche
The compromised vascular function in GBM causes sluggish blood flow and inconsistent oxygen delivery within the tumor. Consequently, local regions of hypoxia develop that can turn into pseudopalisading necrosis when tumor vessels become obstructed. Several mechanisms have been proposed for the generation of pseudopalisading necrosis in addition to edema-enhanced vessel collapse, including vasoocclusion from angiopoietin-2-mediated endothelial cell apoptosis, vascular regression, and intravascular thrombosis due to the elaboration of procoagulation factors [46, 47] . The latter hypothesis is based on the observation that more than 50% pseudopalisades display thrombosed vessels in their necrotic areas. Regardless of the mechanism, glioma cells respond to this cell death in a very specific manner by elongating their nuclei and aligning like palisades in neat rows around centers of tumor necrosis-a feature which has been recognized as a morphological hallmark of GBM [48] (Fig. 1B) . These cells have a low proliferation rate, suggesting that pseudopalisades represent a row of hypoxic tumor cells that actively migrate away from central necrosis in response to the vascular insult [49] .
Although one would expect that the occurrence of impaired oxygen delivery, apoptosis, and necrosis should slow down tumor growth, in fact pseudopalisading necrosis and microvascular hyperplasia are the two most powerful predictors of poor prognosis among diffuse gliomas, and characterize the transition from a high-grade astrocytoma to glioblastoma. This correlation strongly supports the functional involvement of hypoxic and necrotic regions in tumor progression and aggressiveness. Over the years, a plethora of evidence has been accumulated pointing to hypoxia as a crucial regulator of tumor cell survival, stemness and immune surveillance in these niches [50] [51] [52] [53] . Molecular responses to hypoxia are predominantly mediated by the hypoxia-inducible factors (HIF-1 and HIF-2 [54, 55] . HIF proteins are composed of an αand a β-subunit, and become stabilized and active under low oxygen tension [56] . HIF proteins are upregulated in pseudopalisading glioma cells and induce the expression of factors such as VEGF and interleukin 8 (IL8), which are implicated in different aspects of cellular homeostasis including survival, metabolism, invasion, and angiogenesis [50, 54, 57, 58] . Several studies from GBM and other tumor types have provided evidence that CSCs are enriched in hypoxic tumor niches including CSC in perinecrotic regions of human glioblastoma biopsies [51] . Hypoxia promotes stemness through the activation of genes implicated in self-renewal and dedifferentiation, and protects tumor cells and CSCs from chemo-and radiotherapy. Therefore, hypoxia increases stem cell properties of tumors, as measured by an increase in side population and neurosphere forming ability of CSC concomitant with increased expression of several CSC markers, including CD133, Sox2, Oct4, nestin and Klf4 [51] [52] [53] . HIF1α [52, 53] or HIF2α
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The necrotic cell death in the center of the hypoxic niche releases proinflammatory signals into the surrounding tissue microenvironment that turns inflammatory cells like TAMs and neutrophils into immune-suppressive and angiogenesis-promoting cells while losing their original function of removing necrotic debris [61] [62] [63] [64] . In addition, hypoxia appears to enhance transdifferentiation of CSC into endothelial-like cells, and promote their incorporation into tumor vessels, which were more abundantly found in hypoxic areas of GBM derived from spontaneous glioma mouse models [17] . It is therefore not surprising that microvascular hyperplasia is often observed in close proximity to pseudopalisading necrosis, enabling tumor cells and CSC to grow outward towards ingrowing newly formed blood vessels and thus contributing to the creation of a vicious cycle (Fig. 1B) .
The invasive GBM niche
GBMs not only migrate away from hypoxic regions within the tumor bulk, but like all diffuse gliomas, have the propensity to invade normal tissue. GBM infiltrate as single cells or move along white matter tracts and basement membranes including those of blood vessels [65] . Indeed, invading GBM cells often co-opt normal blood vessels for use as a highway to invade normal brain parenchyma [66] . It is notable that several MMPs have been associated with GBM infiltration that does not reflect the perivascular invasive mode of GBM [67] . Indeed, complete genetic deletion of MMP-2 and MMP-9 in the GBM and host cell compartment rather enhanced perivascular invasiveness in vivo in GBM mouse models concomitant with reduction in angiogenesis which underscores the distinct mechanisms underlying tumor cell infiltration and perivascular invasion [14, 68] . These results are also congruent with the observation that GBM utilize such a perivascular invasive mode in response to antiangiogenic therapy, in part due to enhanced activity of the receptor tyrosine kinase Met by both hypoxia-driven and hypoxia-independent mechanisms [69, 70] . Hypoxia induces Met expression in GBM cells and in GBM patient samples in a HIF-dependent manner, while VEGF ablation enhances Met phosphorylation and subsequent invasion in murine and human GBM through a VEGFR2:Met complex in tumor cells [71] [72] [73] [74] . Importantly, such induced tumor invasiveness is associated with the induction of EMT that can induce some of the defining features of stem cells including self-renewal ability, and has been associated with an increase in CSC in other tumor types [75, 76] . In concordance with these observations, triggering EMT in tumor cells in the niche not only induces stem cell phenotypes that likely are transiently and dynamically regulated, but also maintains the stemness of cancer cells [76] .
In contrast to the perivascular tumor niche, the invasive tumor niche displays a more functional vasculature and is associated with a different and more varied set of host cell constituents given its location at the border of the normal brain parenchyma. Astrocytes, which regulate metabolic and fluid homeostasis as well as vascular blood flow, contact endothelial cells and pericytes with their astrocytic endfeet covering more than 99% of the cerebrovascular surface [77] . This is an important mechanism to exchange ions and metabolites from the blood to the brain. However, in the invasive tumor niche, glioma cells displace astrocytes from the vessel to a substantial degree, sometimes completely encasing the blood vessel. In human GBM xenograft models, GBM cells that disrupted the astrocytevascular interactions in the invading tumor areas were found to seize control over the regulation of the vascular tone, and were sufficient to rupture the BBB albeit likely to a lower extent than glioma cells within the tumor bulk [78] . Notably, astrocytes can also be engulfed from the growing tumor, but the distribution of astrocytes within the tumor bulk can vary widely. Moreover, astrocytes surrounding GBM undergo reactive astrogliosis similar to that observed during CNS injury, given that tumors resemble various aspects of a wound. Thereby, astrocytes become proliferative and migratory by activating signaling pathways that produce growth factors, metabolites and cytokines. These molecules in turn likely affect gliomagenesis. The first insight into the paracrine interaction between astrocytes and glioma cells was obtained from coculture experiments, demonstrating that astrocytes can enhance proliferation and MMP-2 dependent invasion of glioma cells in vitro. Furthermore, reactive astrocytes produce connective tissue growth factor (CTGF) that binds to tyrosine kinase receptor type A (TrkA) and integrin beta 1 on CSCs thereby activating nuclear factor kappa B (NF-kB) and inducing zinc finger E-box binding homeobox 1 (ZEB1), an epithelial-mesenchymal transition (EMT) transcription factor that facilitated tumor cell infiltration [79] . In GBM, reactive astrocytes, like brain endothelial cells, were found to express sonic hedgehog (SHH) [80] . SHH binds to the membrane proteins patched-1 and smoothened on glioma cells, leading to the activation of GLI transcription factors that foster glioma growth in part by promoting glioma stemness/self-renewal [80, 81] . Taken together, these studies provide evidence that astrocytes can be intimately involved in CSC maintenance and tumor infiltration in the invasive niche. As astrocytes were also identified in the perivascular tumor niche of PDGFB-driven GBM in mice, it is conceivable that intratumoral astrocytes could support tumor and tumor stem cells in the perivascular tumor niche [80] (Fig. 1A) .
Microglial cells are also closely associated with invading glioma cells. These immune cells are distributed through the brain and display a typical ramified morphology with a small cell body and fine, long cellular processes for scanning and monitoring neighboring cells and the extracellular space [82] . As soon as microglia experience any disturbances of CNS homeostasis, they become activated concomitant with profound alterations in cell shape, gene expression and functional behavior [82] . Microglial cells thus move to and accumulate at the glioma margins, but they do not always exhibit an amoeboid shape as observed in other CNS insults. This may be due to the fact that glioma-conditioned medium appears to activate microglial cells in a way that is distinct from the inflammatory phenotype. Indeed, glioma-directed microglial activation does not trigger the release of proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), but leads to alterations that are associated with promotion of glioma growth and invasion. Many glioma cell lines established from patient samples express high levels of CSF1 and interleukin 34 (IL34), the ligands for CSF1 receptor (CSF1R), as well as stem cell factor (SCF), the ligand for KIT, which attract and activate surrounding microglia. These changes have been shown to be concomitant with an upregulation of the metalloproteinases MMP14 and MMP2 and suggested a role in the enhanced tumor invasiveness [83] . CSF1 differentiates recruited intratumoral blood monocytes into immune-suppressive and angiogenic macrophages as first Hambardzumyan demonstrated in a mammary carcinoma model [84] . Similar to studies that revealed a paracrine loop between macrophages and intravasating breast cancer cells, microglia were found to produce epidermal growth factor (EGF) to promote GL261 glioblastoma migration, while GBM cells secreted CSF1 that attracted microglial cells, demonstrating a synergistic interaction between these two cell types [85] . In line with these observations, a recent study revealed that naïve microglia can reduce the sphere-forming ability of human CSCs to suppress glioma growth, while microglia or monocytes cultured from glioma patients have lost this anti-tumorigenic potential [86] . Supernatants from CSCs likewise inhibited the phagocytic activity of TAMs and induced secretion of the immunesuppressive molecules interleukin 10 and TGF-β1 [87] .
As mentioned above, the terms macrophages and microglial cells in brain tumors have been interchangeably used in many studies because of the technical challenges of distinguishing the two cell types by molecular markers. So far, only studies involving co-culture experiments with glioma and microglial cells in vitro or fluorescently labeled bone marrow (BM) transplantation experiments in mice are able to distinguish between BM-born macrophages and brain-resident microglial cells in the tumor setting. The later often involves total body lethal irradiation (TBI) that can potentially lead to enhanced and abnormal mobilization of BM cells into the circulation, resulting in more immune cell infiltrates compared to non-irradiated GBM [34, 88] .
The studies mentioned above provide evidence that microglial cells, like astrocytes, can be implicated in tumor propagation and infiltration in the invasive niche. It is noteworthy that tumor cells, besides moving along blood vessels, can also cluster around neuronal somata described as perineuronal satellitosis, A recent elegant study revealed that activated neurons promote glioma growth by secreting the synaptic protein neuroligin-3 (NLGN-3) which induced the PI3K-mTOR pathway and feed-forward expression of NLGN3 in glioma cells [89] . Further, the neurotransmitter glutamate secreted from glioma cells was found to enhance their own proliferation and invasion through autocrine as well as paracrine signaling and increase the excitability of affected cortical [90] .
As tumors grow, it is important to keep in mind that invasive tumor niches can be engulfed and become part of the expanding tumor mass. This will then trigger hypoxia and subsequent neovascularization, transitioning these niches into hypoxic and perivascular tumor niches. Therefore tumor niches undergo dynamic alterations in a temporal and spatial manner that create a succession of tumor microenvironments to accommodate the aggressive growth of a GBM into normal tissue, during tumor progression as well as in response to therapeutic agents.
Targeting glioma niches
Since GBM niches support and protect CSCs and their progeny, targeting non-neoplastic niche components or the molecules they release to support tumor cell growth may corroborate a more effective tactic to overcome the extensive plasticity that is associated with therapeutic resistance of GBM. Reducing and pruning tumor vessel growth by blocking VEGF/VEGFR signaling in GBM emerged as the first promising treatment strategy because Hambardzumyan it impaired CSC maintenance in the perivascular niche in brain tumor mouse models thereby reducing tumor growth [11, 12] , and resulted in improvements in radiographic response, progression-free survival, and quality of life of GBM patients [91] . Consequently, bevacizumab, a humanized monoclonal antibody directed against VEGF-A, became the third drug approved by the United States Food and Drug Administration (FDA) for use in recurrent GBM in 2009 [91] .
To date however, anti-VEGF therapy has aided only a subset of GBM patients, and those patients have demonstrated only transitory improvements without eliciting benefits in overall survival. Recent results now revealed that the effects of anti-VEGF therapy maybe GBM subtype-specific. Two randomized placebo-controlled phase III trials in newly diagnosed GBM AVAglio [92] and RTOG-0825 [93] ) reported prolonged progression-free survival (PFS), but not overall survival (OS), with the addition of bevacizumab to radiotherapy plus temozolomide. A multivariable analysis, however, revealed that bevacizumab conferred a significant OS advantage versus placebo for patients with proneural isocitrate dehydrogenase 1 (IDH1) wild-type tumors [94] . These results, together with the observation that patients who experience enhanced tumor blood perfusion with bevacizumab have a longer survival benefit than those without vascular changes, suggest that subtype stratification of GBM patients with early imaging perfusion markers could help to identify the subset of patients who will benefit the most from anti-VEGF agents [95] .
Mechanistically, blocking VEGF/VEGFR signaling leaves behind a more mature and functional vasculature by selectively pruning immature blood vessels and enhancing pericyte attachment to tumor vessels. This results in reduction of vasogenic brain edema, enhanced vessel perfusion and subsequent oxygenation throughout the tumor concomitant with a decrease in immune suppression, thus creating conditions for better drug delivery and efficacy [95] . However, the inability to finely tune anti-VEGF/VEGFR therapy to create persistent normalization without further vessel pruning results in the recurrence of hypoxia and the emergence of acquired resistance [96] . Indeed, hypoxia induces several phenotypes associated with resistance that have been observed in relapsing tumors including GBM. Hypoxia promotes EMT and stem-like properties of tumor cells, upregulates pro-angiogenic and invasive factors, and drives the infiltration and polarization of angiogenic and immunesuppressive myeloid cells (reviewed in [97, 98] ).
Radiographic and tissue studies from a subset of patients with recurrent GBM who were treated with bevacizumab or the angiokinase inhibitor cediranib support the results of enhanced tumor invasiveness and immune cell infiltration of TAMs and other CD11b+ myeloid cells observed in GBM mouse model systems [95, [99] [100] [101] . These innate immune cells have been shown to facilitate resistance to antiangiogenic therapy by reinitiating VEGF-independent angiogenesis and immunosuppression that makes tumors non-responsive to VEGF blockade [64, 102] . Congruently, targeting innate immune cells and their central pathways has been shown to sensitize various tumors to antiangiogenic therapy [102, 103] .
In line with these studies, TAMs and other myeloid CD11b+ cells, which are abundant in GBM, and promote tumor growth by supporting vessel and tumor cell growth as well as suppressing tumor immunity, are another attractive target to impair niche function in GBM Hambardzumyan and Bergers Page 9
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Conversely, inhibition of these pathways resulted in extension of survival in glioma-bearing mice although one cannot exclude that the beneficial effects were conceived by additionally blocking these signaling circuits in the tumor cell population [104, 105] . In contrast, inhibition of the CSF-1 receptor targets only myeloid cells and resulted in increased survival and tumor shrinkage in a proneural murine GBM model [106] . Surprisingly, TAMs were not reduced in tumors because glioma cells secreted granulocyte-macrophage CSF (GM-CSF) and interferon-γ (IFN-γ) that apparently facilitated TAM survival in the context of CSF1R inhibition. Considering that CSF1R inhibition caused TAM reduction in other tumor types and resulted in elimination of ~99% of microglia in naïve mice [35] , it raises the question whether GBM infiltrating TAMs respond differently to CSF1 receptor signaling.
In contrast to the promising effects in the proneural GBM model, a recent phase 2 study of the CSF1-receptor inhibitor PLX3397 in patients with recurrent GBM tissue did not reveal any significant improvements in PFS [107] . Whether the differing results may be a reflection of GBM subtype-specific responses to blocking CSF1R + myeloid cells, − as observed in recent anti-angiogenic trials-, remains to be determined. In line with the observation that tumors endorse immune suppressive features in myeloid cells, a recent study revealed that naïve human macrophages and microglial cells alleviated sphere-forming capacity of glioma-patient derived tumor initiating cells by inducing cell cycle arrest and differentiation while glioma-associated myeloid cells were unable to do so [86] . Interestingly, a drug screen identified amphotericin B, a common anti-fungal medication, to induce immune-stimulating activity in tumor-associated macrophages and microglial cells that was sufficient to impede growth of glioma stem cells in vitro and tumor growth in vivo [86] . Indeed, with the new encouraging results of immune checkpoint inhibitors in several tumor types such as melanomas and non-small cell lung cancer (NSCLC), therapies that promote an immunestimulatory milieu may help to enhance the infiltration of cytotoxic T-cells into glioma niches to eradicate CSC and tumor cells.
Finally, signaling cues from reactive astrocytes in the tumor niche have become another promising target to restrain glioma growth. Astrocytes as well as endothelial cells express endothelins that have vasoconstrictive properties. A recent study revealed that endothelin (ET)-induced activation of its receptors ET A R and ET B R, on glioma cells protected the tumor cells from chemotherapy by upregulating expression of anti-apoptotic proteins in cancer cells. Conversely, blocking both ET receptors with Macitentan, an approved drug for pulmonary arterial hypertension, abolished the angiocrine and astrocyte-induced chemoprotection of glioblastoma cells in vitro and down-regulated the expression of proteins associated with cancer cell growth and survival in vivo in orthotopic models of glioblastoma [108] . In addition, it is intriguing to speculate that macitentan also promoted vessel normalization thereby contributing to more efficient drug delivery and subsequent antitumor effects.
The studies summarized above highlight new developments to target signaling cues of host cell constituents in the GBM niche. These are promising attempts to make tumors more responsive by interfering with niche signaling pathways directed at tumor cells/CSC that originate from normal cell constituents. As some of the drugs targeting those pathways have already been approved for other diseases, this approach may yield an attractive and more effective strategy in combination with standard chemotherapy to sensitize as well resensitize GBM.
Concluding Remarks
In line with the rising concept of tumor niche heterogeneity, it is conceivable that not only GBMs but also other tumor types with hypoxic and invasive features are compartmentalized in anatomically distinct regions that display morphologically and functionally distinct tumor niches. Further, it is important to keep in mind that these distinct tumor niches will undergo dynamic alterations in a temporal and spatial manner that create a succession of tumor microenvironments to accommodate the aggressive growth of a tumor such as GBM into normal tissue, during tumor progression as well as in response to therapeutic agents. For example, invasive tumor niches can be engulfed and become part of the expanding tumor mass. This will then trigger hypoxia and subsequent neovascularization, transitioning these niches into hypoxic and subsequent perivascular tumor niches. The prevailing view so far has focused on the signaling events in a generic "tumor niche" but given the diverse composition of cell constituents and functional differences of the vasculature in the distinct niches, it is conceivable that the dialogues of the tumor and non-tumor niche constituents are niche-type specific to better amend the needs of CSC and tumor cells to these specific locations. This may also affect response to therapies as one can envision that certain therapies may only target pathways used in a subset of tumor niches. Further, certain therapies could thereby convert a tumor niche into another niche type rather than eliminating it and thereby losing their effectiveness. It is likely, for instance, that therapies such as radiation and cytotoxic chemotherapies, which create hypoxia and necrosis, may enhance hypoxic niches that will transition into perivascular tumor niches during tumor relapse. In support of this notion, targeting niche pathways have revealed encouraging results so far but also have faced challenges in part by targeting only niche subtypes.
Ongoing and future studies will be pivotal to more rigorously dissect signaling circuits tailored to the specific tumor niche type and to decipher potential common pathways to most efficiently target all of the three tumor niches. Another layer of complexity is caused by the substantial genetic and epigenetic heterogeneity of GBMs and within a GBM that appears to regulate the tumor's response to microenvironmental therapies. This further suggests that the formation of specific GBM niches is dependent not only on normal cell constituents in the tumor microenvironment but also on the genetic and epigenetic backbone of cancer stem cells and their progeny. This raises several questions about the critical dialogues between these two compartments that generate tumor niches, how they determine which type of tumor niche will be generated, and how the distinct niches react to cancer therapies (Outstanding Questions). The knowledge forthcoming will provide pivotal information about the nature, regulation and function of the distinct tumor niches and may identify new Hambardzumyan opportunities that can be exploited for therapeutic strategies aimed at all tumor niches in GBMs as well as potentially other cancers to enhance survival of cancer patients.
Box 1. Models of tumor heterogeneity
There are two prominent models that explain tumor heterogeneity and resistance to therapy. Clonal evolution or the stochastic model: The clonal evolution hypothesis is based on the idea that most cancers arise from a single altered cell, and every cell within a tumor is equally likely to be the cell of origin. The cell of origin facilitates tumor initiation and progression as the progeny of that cell expand as a neoplastic "clone." Neoplastic cells are genetically unstable compared to non-neoplastic cells. Enhanced genetic instability within the original clone over time results in the appearance of new genetic variants, most of which do not survive. However, those few variants with a selective growth advantage expand to become the predominant subpopulations within the tumor, resulting in tumor progression over time. The continued presence of multiple subpopulations within the tumor provides the basis for heterogeneity. This model accounts for both genetic and epigenetic heterogeneity in a given tumor, and suggests that a tumor cell can become progressively more malignant through selective evolutionary processes [109, 110] . This theory was further supported by genome-wide studies that revealed that GBMs have many driver and passenger mutations, which reflects the genetic landscape of subclonal heterogeneity and intraclonal genetic diversity within GBM [2, 8] . Under selective pressures such as chemo-and radiotherapy, some tumor subpopulations survive, because they have acquired more resistant properties, a protective location, or a combination of these factors. These resistant subpopulations are responsible for tumor recurrence.
The cancer stem cell (CSC) or hierarchical model:
The CSC hypothesis suggests that regardless of cell-of-origin, many cancers are hierarchical organizations in which the apex of the hierarchy is composed of CSCs, which possess the distinct properties of selfrenewal, multipotency, and tumor-initiating ability upon transplantation into mice. CSCs are a small subpopulation that gives rise to phenotypically diverse and partially differentiated non-or less-tumorigenic cancer cells that compose the bulk of cells in the tumor. CSCs reside in specialized niches where the microenvironment regulates their stem cell behavior. Niches are composed of different non-cancerous cell populations that emanate signals to maintain CSCs. CSCs are resistant to conventional therapies and are thought to be responsible for tumor recurrence after therapy [9, 10] . Hambardzumyan 
Box 2. The blood-brain barrier (BBB)
The blood-brain barrier (BBB) is a highly selective permeability barrier of the central nervous system (CNS) vasculature that tightly regulates the movement of ions, molecules, and cells between the blood and the CNS [23] . The BBB protects the brain from toxins and pathogens, delivers nutrients and oxygen and creates the microenvironment necessary for proper function of neurons. An intact BBB is also a major obstacle for the entry of therapeutic drugs into the brain. The different cell constituents that form the BBB are defined as a neurovascular unit. The central structure of the BBB are capillaries that are composed of endothelial cells interlinked by tight junctions (TJs) creating the inner lining of the vessel wall while pericytes (mural cells) cover the abluminal surface. They together produce the vascular basement membrane.
Although the major properties of the BBB are maintained by endothelial cells, its proper function and maintenance also requires pericytes [111] . Astrocytes, which are a major class of glial cells, are another critical component of the BBB. Astrocytic processes that form endfeet cover around 99% surface of CNS vessel walls. Astrocytes have been suggested to control the exchange of water and solutions between blood and brain [77] . The extended processes of microglia, which are resident macrophages of the CNS, were found in a few limited sites where astrocytic endfeet were disconnected, providing immune surveillance [77] . The BBB is formed during embryogenesis when endothelial cells invade the CNS and pericytes are recruited to the nascent vessels-events that occur one week before astrocytes are formed [111] . BBB dysfunction exists in many CNS disorders, including GBM. BBB damage is often associated with neuroinflammation, which seems to occur earlier than direct neuronal pathology and may play either a causative or exacerbating role in neuronal dysfunction or loss [23] . PVN) . Non-neoplastic cell and glioma cell interactions create a specialized vascular niche, which provides a supportive environment for cancer stem cell (CSC) growth, maintenance, and survival. The PVN niche is a multi-cellular structure composed of non-neoplastic cells, including endothelial cells, pericytes, macrophages, neutrophils, myeloid-derived suppressor cells (MDSCs), reactive astrocytes, and infiltrating neural progenitor cells (NPCs), as well as neoplastic cells including tumor bulk (TB) and CSCs. Macrophages and other non-neoplastic cells are recruited to the tumor by TB and CSCs. These recruited and reprogrammed non-neoplastic cells secrete soluble factors that expand the TB and CSCs and establish a supportive niche for CSCs. In addition, interactions between reactive astrocytes and TB and CSCs can lead to further tumor growth. Pericytes interact with CSCs and TB to promote tumor growth and to contribute to leakiness of the blood brain barrier (BBB). In contrast to normal brain microvessels, both astrocyte and pericyte coverage is incomplete in GBM vessels. Lastly, each cellular component has the capacity to change the extracellular matrix composition that impacts glioma proliferation, survival, and expansion. (b) The hypoxic GBM niche. The pseudopalisading areas with a necrotic core are hallmarks of GBM and create the hypoxic niche for CSCs. Hypoxia through induction of hypoxia inducible factor 1 alpha (HIF-1α) and of hypoxia inducible factor 2 alpha (HIF-2α) promotes the expansion of cancer stem cells (CSCs) and recruits innate immune cells including macrophages. Hypoxia generally occurs when tumor growth exceeds neovascularization.
(c) The invasive GBM niche. Glioma cells migrate along blood vessels at the invasive edge that is defined as perivascular invasion. Major cell types that constitute the Hambardzumyan 
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Fig. 2. Cellular origin of GBM-associated microglia and monocytes
Under steady-state conditions, microglia and monocytes reside in separate locations. In adult life, monocytes are generated from hematopoietic stem cells (HSCs) via a series of intermediate progenitors. Ly6C Low , CCR2 − , CX3CR1 High circulating monocytes and Ly6C High , CCR2 + , CX3CR1 Low inflammatory monocytes are released into the blood circulation. Inflammatory monocytes are recruited to sites of pathological conditions like GBM. Once within the central nervous system (CNS), they can differentiate into tumorassociated macrophages and become phenotypically nearly indistinguishable from activated resident microglia. Microglia are resident macrophages in the brain that originate from yolk sac progenitors in the neuroepithelium beginning around embryonic day 8.5 in the mouse. In the adult brain, they are negative for CCR2 but express high levels of CX3CR1, CD11b, F4/80, and low levels of CD45. GBM cells induce local inflammation that compromises the integrity of the BBB and results in tumor infiltration of inflammatory monocytes and attracts brain-resident microglial cells to glioma margins. Hambardzumyan 
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